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Abstract—Fxperimental work on the nucleate pool boiling of water at saturation is reported. This
indicates that latent heat transport, (g/4)rn, is at all stages significant. The ratio (g/A)ru/(g/A) 1o
increases steadily with increasing heat flux and appears to tend to unity as {(g/4)ro: tends towards
burnout. Latent heat transport and convection together account for the total flux in saturated boiling.

The basic parameters entering into the formulation of (g/4)Ly, that is, the product of bubble fre-
quency and bubble volume at departure—f Vg, and the bubble source concentration—AN, are further
investigated.

It is shown that most published findings on the parameter f V4 are inapplicable to heat-transfer
correlations due to the incorrect definition of means. Experimental results show that (i) the (arith-
metic) mean product f ¥, increases with flux, and (ii) at a particular flux the product f Vg is approxi-
mately the same for each bubble source.

The data for N on water and on organics boiling at various pressures indicate that the relation

{g/A) = constant . N*

where n =~ 0-5 appears to hold only in the region of isolated bubbles.

A hypothesis is evolved and confirmed experimentally according to which the curve of N vs
ATy, takes the form of a cumulative frequency distribution.

Analysis and confirmatory experiments show that nucleation and nucleate boiling cannot be made
to proceed indefinitely at lower and lower pressures; for a particular surface-liquid combination a
pressure exists which marks the threshold of a hitherto unrecognized regime of unstable nucleate

boiling. At lower pressures the nucleate regime is altogether absent.

NOMENCLATURE n, constant;

a, constant; n, number of bubble sources on
A, heat-transfer area [ft?]; heat-transfer surface;

b, constant; N =n/A, bubble source concentration [ft2];
¢, C, constants; N, nucleation site  concentration
Dy, equivalent spherical bubble dia- [ft—21;

meter at departure [ft]; Nu, Nusselt number;
£ bubble frequency [s~1 or h™1]; Py, liquid pressure [atmj];
fis bubble frequency of individual Pr, Prandtl number;

) source [s~! or h-1]; O, enthalpy of formation of bubble
¥ mean (arithmetic, unless other- [Btul;

. wise stated) of fi; (g/A), (q/A)1ot, total heat flux [Btu/h ft2);
fVa, arithmetic mean of products f; Vas;  (g/A)m, latent heat transport, defined by
g gravitation acceleration {ft/h?]; equation (2) {Btu/h ft2];

Ga, mass velocity of vapour in depart-  (g/4)yc, natural convection flux [Btu/h f2];

ing bubbles [Ibm/h f12]; 7 nucleation cavity mouth radius

m, constant; [ft];
¥ Professor of Fluid Mechanics. Fmax, mouth radius of largest potentially

t South African Atomic Energy Board Bursar.
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active cavity [ft];



P mouth radius of largest active
cavity [ft];

Froine mouth radius of smallest active
cavity [ft];

Re, Reynolds number;

Tat, saturation temperature of liquid
["R];

T, heater wall temperature [°R];

ATsat, (Tw — Tsat) [degR];

Vb, bubble volume [ft3];

Va, bubble volume at departure [ft3];
Vas, bubble volume at departure for a
particular source [ft3];

Va, mean (arithmetic, unless other-

wise stated) of Vy;;
Uy, specific volume of vapour (ft3/1bm];

Greek symbols

3, limiting thermal boundary layer
thickness [ft];
Ay, latent heat of vaporization
[Btu/lbm];
Pvs PLs vapour and liquid density
{Ibm/ft3];
o, surface tension [Ibg/ft].

1. INTRODUCTION
1.1 Definition of latent heat transport

This paper deals primarily with the transport
of energy away from a heating surface associated
with the formation of bubbles thereon during
saturated nucleate pool boiling.

It has been shown {1, 2] that the energy QO
required to form a bubble of volume V3 and of
radius larger than about 107 ft, is given, to a
good approximation, by

Qb= Vo po Mo 6

with properties evaluated at the saturated state
corresoonding to the liquid pressure.

Since the diameter of bubbles at the instant of
departure from a heated surface exceeds 107 ft
by several orders of magnitude, the energy
carried away from such a surface by bubbles
may be formulated as

9/Drr = po Mo lefi VailA V)
Evidently equation (1) only represents the
latent heat of formation of a bubble, other
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terms being negligible. Thus the flux contribu-
tion given by equation (2) is termed latent heat
transport.

Inasmuch as our ultimate aim is the correla-
tion of nucleate boiling heat fluxes, the choice of
Va4, the bubble volume at the instant of departure
from the heating surface, is the only logical one.
It has been shown by Jakob [3], and is verified
in the present study (at least for the case of low-
flux boiling), that bubbles in saturated boiling
continue to grow after departure until they
reach the free liquid surface. The heat required
for this growth must originally have left the
heating surface by some convection mechanism,
and must be correlated on that basis.

It is further accepted that the bulk of the heat
required for attached bubble growth must also
be transferred from the heating surface, via the
liquid sub-layer, by some conduction/convection
process. Evidently the ebullition mechanism is
invoked and becomes rate controlling, when the
normal convection processes tend to “saturation”
and are no longer able to cope with the rate of
heat supply. The exact distribution of heat flow
between these two possible paths, that is con-
vection and ebullition, clearly will be flux-
dependent. It therefore appears preferable to
correlate the flux contribution of the heat of
formation of attached bubbles separately and in
terms of equation (2).

To sum up therefore: The latent heat transport
defined by equation (2) accounts for the heat
that leaves the surface by conduction and con-
vection to form bubbles up to the point of their
departure; the difference between the total flux
and the latent heat transport represents the heat
that leaves the surface by convection, thereafter
to manifest itself partly in the further growth of
rising bubbles and partly in evaporation without
ebullition at the free liquid surface.

1.2 Previous work on latent heat transport

It has until recently been generally held that in
nucleate boiling, whether sub-cooled or
saturated, latent heat transport as defined above
contributes insignificantly to the total heat
flux. This notion appears to have been based on
the sub-cooled boiling studies of Gunther and
Kreith (4] and Rohsenow and Clark (1].

As a result the high heat-transfer rates typical
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of nucleate boiling have, in the main, been
attributed to bubble-induced agitation near the
heating surface. This has lead to correlation
equations of the general form:

Nu = const. Re™ . Prt 3)

where the dimensionless parameters are evalu-
ated in terms of bubble characteristics. The
better known of these have recently been re-
viewed by Zuber and Fried [5].

At a particular pressure and for a given
surface-liquid combination these reduce approxi-
mately to:

(g/A) = const. (ATsar)?® @

Clearly since the nucleation characteristics of the
heating surface are ignored, such equations
cannot adequately correlate nucleate boiling
data. Attempts to accommodate nucleation
effects by the inclusion of active site concentra-
tion terms have lead to equations of the form
[6-9]:

(g9/4) = const. N® (AT at)* ®)]

Inasmuch as these relations do not take account
of latent heat transport, N represents the number
of liquid flow-inducing sources.

Recent indirect evidence [10-12], however,
suggests that latent heat transport cannot be
ignored in saturated boiling. Irrespective of the
heat-transfer mechanism operating in nucleate
boiling, a study of the parameters entering into
equation (2), as well as their inter-relation,
would appear to be necessary.

In our reports of 1960 [13, 14] attempts at the
photographic determination of N, fand ¥4 and
at the evaluation of latent heat transport in
saturated boiling were reported. It was shown
that for water and ethyl alcohol boiling at
atmospheric pressure latent heat transport
increases steadily with increasing flux, until in the
vicinity of the peak flux it alone accounts for the
total flux. At no stage was its contribution
negligible. Due to shortcomings of the photo-
graphic technique the bubble volume at departure
could not be accurately determined. Also,
bubble frequencies could only be measured at
relatively low fluxes, high-flux values being
obtained by extrapolation using an empirical
equation fitted to the low-flux data. Thus there
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was some doubt as to the accuracy of the latent
heat transport determination. The main con-
clusions reached are, however, still considered
valid.

1.3 Purpose and outline of this study

Summarizing then: One is faced with a
situation in which every better known heat-
transfer correlation for saturated nucleate
boiling is based on the experimentally unverified
assumption that the contribution to the total
flux by latent heat transport is negligible. Recent
work indicates that this concept is almost cer-
tainly incorrect.

In this paper determinations of latent heat
transport in saturated boiling of water at
atmospheric pressure are reported. Further
investigations into the basic parameters entering
into the latent heat transport equation, that is
equation (2), are presented.

In Section 2 experimental work on latent heat
transport is described. Section 3 deals with
bubble frequencies and bubble volumes at
departure and their inter-relation. Section 4
provides data on the concentration of bubble
producing sites and is a study of nucleation.

2. CONTRIBUTION TO THE TOTAL FLUX BY
LATENT HEAT TRANSPORT
2.1 Apparatus and measuring technique

The apparatus used permitted determination
of the heat flux and temperature difference
between the heating surface and the liguid bulk;
a means of measuring N, f and ¥y was also
provided.

Boiling vessel (Fig. 1). This contained a hori-
zontal, electrically heated nickel wire, 0-02 in
dia., which acted both as a heating element
and as a resistance thermometer. (A wire
rather than a flat plate was used because of
the greater ease in interpreting the resultant
photographs. Also edge effects were thereby
avoided.) An auxiliary heater maintained
the liquid bulk at the saturation tempera-
ture corresponding to ambient atmospheric
pressure (12 psia). A mercury-in-glass ther-
mometer measured the liquid bulk temperature.
The test wire was placed in an inner tank. This
has been shown to be necessary if stagnant pool
conditions are to be maintained in the test
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liquid [15]; its omission results in variation of
the heat transfer from the wire with the power
level of the auxiliary heater.

The whole system was completely sealed off
from the atmosphere thus ensuring utmost
cleanliness during testing.

Electrical system (Fig. 2). The wire resistance
was measured by means of a Kelvin double
bridge, whereas the heating current was deter-
mined from the volt-drop across a standard
resistance in series with the heating wire.

Photographic technique. This consisted of
taking a fixed number of successive photo-
graphs of the test section and bubble field. A
variable-speed drum camera, provided with a
commutator for triggering a flashing light
source, was used. Timing marks were provided
by a neon-lamp. The control circuit used is
shown diagrammatically in Fig. 3. With this
system 16 successive frames could be obtained, a

NEON

TIMING
LIGHT

220V o.c

220Va.c.
o 0

RESET
SWITCH

100vd.c.
o~

DRAWN FOR INSTANT PRIOR TO TRIGGERING

FI1G. 3. Photography control circuit.

taking speed of about 85 frames/s being generally
used. This allowed at least one cycle of the low
frequency bubbles to appear on each loop.
Specimen photographs are shown in Fig. 4.

2.2 Test procedure

After thorough cleaning the boiling tank was
filled with the test liquid—de-ionized water.
De-aeration of the liquid and the heating surface
was effected by high-flux boiling for approxi-
mately 6 h.

The test proper was then commenced.
Measurement of the wire resistance and the
potential drop over the standard resistor were



FiG. 4(a). Specimen photograph. Film loop 3
{g/4) = 386 x 10° Btu/h ft%

H.M.

Fic. 4(b). Specimen photograph. Film loop 0
{g/4) = 157 x 10° Btu/h ft2.
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taken. A loop of film was exposed in the manner
described above. This procedure was repeated
at progressively lower fluxes, some four to five
minutes being allowed for conditions to settle
after each change in heating current. Deter-
mination of the boiling curve with flux pro-
gressively decreasing has been shown by several
workers to give the most reproducible results.
Measurements were extended into the region of
natural convection.

2.3 Computations, errors and interpretation of
photographs

Heat fluxes and temperature differences (wire
surface to liquid bulk) were calculated from
electrical and thermometric measurements. Kok
[15] using this apparatus, estimated the maximum
error in heat flux determinations as 41 per cent
and the error in the temperature difference as
45 per cent under worst conditions.

The negatives of the film loops obtained were
examined under magnification by projecting
them onto a screen. Bubble sources, frequencies
and volumes at departure were determined.

At low fluxes the number of bubble sources
could be counted with ease [see Fig. 4(a)]. At
higher fluxes adjacent growing bubbles coalesced
to form larger vapour globules [see Fig. 4(b)].t

The photographs of Séméria [16, 17] and
Gaertner [11] clearly show large vapour globules
attached to the heating surface by several
stems. Such large globules are made up of
vapour emanating from several nucleation sites.
Bubble volume at departure can only be defined
as the volume of a vapour globule leaving the
surface, irrespective of whether the globule
arises from one or more nucleation sites. Thus
to maintain the meaning of equation (2), N, the
number of bubble sources per unit area, must be
defined as the number of regions per unit
area from which vapour globules emanate,
irrespective of whether such regions contain one
or more nucleation sites. At low flux in the
region of isolated bubbles the bubble source
concentration equals the nucleation site con-

1 Evidently the flux at which discrete bubbles or
globules occur is much higher with thin wires than with
flat plates [11, 18, 19]. Continuous vapour columns or
jets were not observed even at the highest heat flux
investigated, 157 000 Btu/h ft2,
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centration; after bubble coalescence this relation
ceases to hold. The error in determining N is
roughly the same as that in the measurement
of the heating surface area, that is 41 per cent.

Preliminary tests conducted at various camera
speeds showed that, with the optimum speed of
approximately 85 frames/s used, the maximum
error in determining the bubble frequency is
about 4-2 per cent.

Because of the relatively low camera speed it
was rarely possible to obtain a photograph of a
bubble at the instant of departure. Jakob [3],
however, has found that at about the time of
departure a bubble grows relatively slowly.
Figure 5 shows three bubble-volume vs time

60 T T T T T T T T T T T

)’- ¥ Small isolated bubble
© Large "
] Coclesced bubble

§0 " .

y x 10, £t

10ms intervals

FiG. 5. Bubble growth curves.

curves determined with the apparatus described
above. For all three types of bubble considered
the growth curves flatten out in the vicinity of
departure. The instant of departure was caught
only for the large isolated bubble. Thus the first
picture showing a bubble detached can be satis-
factorily used for the determination of bubble
volume at departure, whenever departure is not
photographed; this procedure was adopted
throughout.

Bubble volumes were calculated on the
assumption that bubbles are spheroids. At low
flux this assumption holds well; at high flux its
validity is dubious. For this and other reasons
measurements were not extended to very high
fluxes.
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When bubble dimensions were measured under
magnification some error was introduced due to
blurring of the outlines. The resulting error in
bubble volume is estimated at 20 per cent for
the smallest bubbles observed and less than
+5 per cent for the largest. Taking bubble size
distribution into account, this leads to an error
in latent heat transport of +8 per cent at both
the highest and the lowest heat fluxes measured.

The overall error in the determination of latent
heat transport may thus be taken as 12 per
cent.

2.4 Results and discussion

The boiling curve, log (g/4) vs AT, and
the latent heat tramsport, as calculated from
equation (2), are plotted in Fig. 6. The natural
convection data are correlated and extrapolated
by an equation of the form (g/4)yc = CATS?

sat

I o

P

(g/4), Btu/h n?

5 0 18 20 Fi 30 35

B7gqt, degF

FiG. 6. Boiling curve for water also showing latent
heat transport and extrapolated natural convection
curve,
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FiG. 7. Latent heat transport and convection as per-
centages of total heat flux.

[13, 14]. The percentage contribution of latent
heat transport to the total flux is plotted against
(g/A)rot in Fig. 7. Clearly this contribution is
nowhere insignificant.

The error-bounds on Fig. 7 are based on
values of -+12 per cent in latent heat transport
and -=1 per cent in total flux. Evidently the
latent heat transport contribution increases
smoothly with flux; at the peak flux (not deter-
mined in this study but generally in the vicinity
of 4 to 6 x 105 Btu/h ft?) it alone might represent
the total flux. It is also noteworthy that the
relation

(g/A)Ln = const. (g/A)rot ®

stated or implied in several studies does not
hold.

It was stated earlier that latent heat transport
and convection (natural and bubble-induced)
are the predominant mechanisms operative
during saturated Dboiling. Other possible
mechanisms, e.g. mass transfer through bubbles,
were considered negligible. The following sub-
stantiates this view: Hsu and Graham [20] have
shown that, with respect to thermal boundary
layer disturbance, the area of influence of one
bubble source is small and corresponds to about
two bubble diameters. It seems reasonable to
assume therefore that in the region of very low
bubble-source concentration the convection
mechanism from a heating surface may be
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approximated by one of undisturbed natural
convection. Thus for the first two determinations
at low flux the percentage convection contribu-
tion (obtained from extrapolated natural con-
vection data) is plotted in Fig. 7. The sum of the
percentage latent heat conmbutxon and the
percentage convection contribution is very
nearly 100 per cent within the estimated error
bounds. It is felt that the small discrepancy
shown is due to the neglect of bubble-induced
flow.

3. RELATION BETWEEN BUBBLE FREQUENCY
AND BUBBLE VOLUME AT DEPARTURE

3.1 Review of previous work

The product of bubble frequency, f, and
bubble diametert (or bubble volume) at depar-
ture, Dy, enters into many analyses of nucleate
boiling and also into the expression for latent
heat transport, equation (2). As such the inter-
relation between frequency and diameter at

departure has been the subject of several
mvs-qhoafmnq both analvtical and experimental.

A brief survey of these is given here.
Jakob and Linke [21] and Fritz and Ende

{22] presented the first experimental studies of

bubble detachment. In the limited flux range
investigated mean frequencies and bubble dia-
meters at departure were found to be independent
of flux. Thus the product of mean diameter, Dq,
and mean frequency, f, was a constant, that is,
at a particular pressure

Dy . f = const. @)

More recently Perkins and Westwater [23]
presented a similar study for the medium and
high flux boiling of methanol. They found that
for fluxes up to 80 per cent of the peak flux
the mean frequencies and mean departure dia-
meters remained constant; hence their product
was also a constant.

The same result was obtained by Yamagata
et al. [18] for the boiling of water in the region
of isolated bubbles. After the onset of coales-
cence the data showed a larger scatter.

In the region of the peak heat flux an analysis

1 For non-spherical bubbles defined as equivalent
spherical diameter.
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by Deissler [24] suggests the relation between
mean departure diameter and frequency as

D5 f = const. ®

M1

Cole j25] was able to obtain
substantiation of Deissler’s analysis.

A recent analysis by McFadden and Grass-
mann [26] also leads to equation (8) and is sup-
ported by limited data on the boiling of liquid
nitrogen.

Zuber [27] has proposed an equation yielding
the product of mean bubble frequency and
mean departure diameter in terms of physical
properties of liquid and vapour.

Daf =059 [og(pr — po)/p3)0% ®

At constant pressure this relation reduces to
Jakob’s equation (7).

The following section considers the significance
of these results.

3.2 Definition of mean bubble frequency and mean

L. LI 1,
bubble volume {or diameter) at departure

The purpose of studying bubble frequencies
and volumes at departure, as well as their
product, is the obtention of the mass velocity of
bubbles leaving the heating surface.

Consider a heating surface of area 4 having
n bubble producing sites of individual fre-
quencies f; and individual bubble volumes at
departure Vgg, wherei = 1,2, ..., n. Thefunda-
mental definition of the mass velocity of depart-
ing bubbles, Gy, is

(10)

Gg can also be expressed in terms of mean fre-
quencies and volumes such that

Ga :é(ﬁ- Vas) pol A

Ga = (A ] Va py = él(ﬁ Vai) pold (1)

The left-hand side of equation (11) is the generally
used, though not fundamental, definition of the
mass velocity of departing bubbles.

It is the general practice to substitute into the
left-hand side of equation (1) the arithmetic
means of bubble frequencies and departure
volumes in an attempt to obtain G4 This pro-
cedure is clearly invalid {28].
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Evidently equation (11) permits any definition
of one of the parameters f or Vg; the definition
of the other is then fixed. Thus, for example, if
we define mean bubble volume at departure
as the arithmetic mean of bubble volumes over
all sources, that is,

Vd = E th/n

i=1

(12a)

then the necessary definition of mean frequency
follows from equation (11) as
= n n
S=2(fi V)l X Vai (12b)
i=1 t=1
For purposes of obtaining the mass velocity
it is unnecessary to separate the product fVy

into fand V4. We therefore define the mean of the
product of frequency and departure volume as

Ta= $(fi Vailn a3
and Gy as,
Ga = ()T Vapo =3 (fVa) pold (19

Equation (13) is consistent with the two expres-
sions for Gy in equation (14).

3.3 Expected behaviour of f; Vy; and f-l7d

For a constant flux from a heating surface, it is
possible to produce various arguments which
suggest that at any particular surface tempera-
ture the product f; V4; should be the same for all
sources. Consider, for example, the following:
A bubble in growing extracts heat from the
thermal boundary layer and in departing leaves
behind an area of destroyed boundary layer
[20, 29]. Bubbles of large departure volumes
will cause large areas of destruction. Now bubble
frequency is determined by the waiting period
(the time required for the recovery of the
boundary layer) and by the bubble growth
period. The waiting period and the growth
period are generally of comparable magnitude.
A large area of destruction will have a long
waiting period and a large departure volume
will require a long growth period. Thus a large
departure volume is associated with a low fre-
quency and vice-versa. This description is over-
simplified—see for example [20]; however it
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does suggest the possibility of an interrelation
of the type

(15)

where i =1,2,...,n, and # is the number of
bubble sources. Some statistical scatter is to
be expected.

Dealing now with the variation of the mean
product f¥; with flux (or temperature dif-
ference) the definition of latent heat transport
is recalled

fi Vai = const.

(q/A)r = NfVa Ay py (16)

N and f¥, are the only terms that vary with
flux. If (g/A)ry and N are plotted against
(9/4)rot an idea of the variation of f ¥, can be
obtained from the slopes. In Fig. 8 the data of
the present study are represented in this fashion.
The N vs (g/A)Tot curve will be discussed
in Section 4. It is immediately clear that £V,
cannot be independent of flux since the slopes
of these curves are not equal; also that f Vg
should increase slowly at first and more rapidly

T T T IITTTI T T

(qr4a),,, Btu/n 2
N, ft7?

10

IIA[AI!

IlI[I[l | | s
10‘ 10‘ 10

(q/4 Btu/h #t2

a ! !

)

Tot'

FiG. 8. Latent heat transport and bubble source con-

centration versus total heat flux, showing difference
in slopes.
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as the flux (or the temperature difference)
increases.

3.4. Experimental results and discussion

The product f; Vai. For purposes of testing the
hypothesis that at a particular flux f; Vg =
const. it is convenient to write this relation as

Vai = const. (1/£;) (17)
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FiG. 9. Relationship between bubble frequency and
volume at departure. Note: In (c) two bubbles of
large volume and unmeasured frequency are not
shown. For latent heat transport purposes their
contribution was included by estimating their

frequency from 7 V.

Thus when plotting Vg; against (1/ f;) a straight
line through the origin is obtained if the hypo-
thesis holds. In Fig. 9 three sets of data, two at
high flux and one at low flux, are shown. The
full line on each represents the arithmetic mean
of the products f; Vg, that is ﬁ/d, at that flux.
Similar plots were obtained for all six film
loops exposed, with the data of loop 5 (at the
lowest flux) showing a much higher scatter.
Thus the proposed relation, equation (15) or
(17) holds within certain scatter limits.

It is of interest to determine the correlation
coefficient for Vg and (1/f;) for the six tests.
A correlation coefficient, r, may be computed
for any two-dimensional set of observations,
but unless the underlying population is two-
dimensionally normally distributed the inter-
pretation of r is uncertain. Thus only if both
Va: and (1/f;) are normally distributed for

set of observations can the correlation
cocflicient be regarded as a measure of their
interrelation, with |r| =1 indicating linear
dependence [30].
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For the observations here reported the
distributions of Vy; and (1/f;) were generally
not normal. However, the departure from
normality was not large, especially for the data
at higher fluxes. As an example, Fig, 10 shows the
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FiG. 10. Histogram of departure volumes (filmloop 1)
with superimposed normal distribution.

histogram of Vg for film loop 1 compared
with the normal distribution of mean and
variance equal to that of the histogram. Thus
some significance may be attached to the
correlation coefficients for the tests here reported.

The coefficients obtained ranged from 0-83
to 0-92 for film loops 0 to 4, with loop 5 at the
lowest flux vyielding 0-67. This represents
significant support for the hypothesis that at
a particular flux (which is not too low) the
volumetric vapour flow rate is the same from
each source.

Consider the scatter in the values of the pro-
duct f; Vi at a particular flux. At low fluxes
where bubble formation frequently occurs in
bursts this scatter is to be expected. Difficulties
in measuring bubble volumes, especially after
the onset of coalescence, have also been men-

C. J. RALLIS and H. H. JAWUREK

tioned. In addition, because of the limited
number of frames in each loop, it was necessary
to assume that at any flux successive bubble
periods and departure volumes from a par-
ticular source were equal. Hsu and Graham
[20], when studying the ebullition cycle from
a single source during steady boiling, found
large variations in both waiting and growth
periods. The variation of their sum, the bubble
period (==1/f;) was less but still significant.
Unfortunately the film loops of the tests reported
here were not sufficiently long to allow a
reasonable determination of f; and Vg values
where each is an average over a period of
time from a particular source. This is probably
responsible for most of the observed scatter.
The product f V. The variation of the product
F Va with both flux and AT is shown in Fig. 11.
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FiG. 11. Variation of mean product of bubble fre-
quency and departure volume with {a) heat flux and
(b) wall superheat.
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As anticipated from Fig. 8 this product is not
constant. The “knee” in Fig. 11(b) is associated
with the onset of coalescence.

4. NUCLEATION SITES AND BUBBLE SOURCES
4.1 Preliminary consideration and predictions
Effect of temperature difference. Wucleation
proceeds from surface cavities of certain
geometry [31, 32, 33, 34). The mean mouth size
of these cavities will in general be distributed
in some way—for argument’s sake as in Fig. 12.

Number of potentially active cavities

Cavity mouth radius, 7

Fic. 12. Hypothetical size-distribution of nucleation
cavities.

Under given conditions a particular size range
of these cavities will be active. The size of the
largest active cavity, r ., may be boundary-
layer controlled; the size of the smallest active
cavity, r.., is thermodynamically controlled.

For the time being consideration is limited to
“smooth™ surfaces, that is, to conditions such
that the largest cavity present on the surface
(of mouth radius rmax) is always active that is,

v == fmax = Const.

max (18a)

This is equivalent to saying that the limiting
thermal boundary-layer thicknesses, &, which
is flux and pressure dependent, must at all
stages be great enough to contain the vapour
nucleus from the largest cavity, that is,

¥

(18b)

Nucleation may be then characterized to a

reasonable approximation [11, 57] by
rre = 20T gt Uv/)\v ATt

min

8 = Fmax

(19)
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Now it is recalled that in the study of Griffith
and Wallis [33] it was shown that an equation vir-
tually identical to equation (19) did not hold for
artificial cavities punched into a surface from
which boiling took place. It appears, however,
that with the relatively large cavity size em-
ployed (r = 2-7 x 1073 in) the situation arose
where r > 8. Thus the punched cavities were
not active at all and smaller natural cavities
Jed to superheats higher than those predicted.
In a constant temperature field [33] and under
conditions where the limitation of equation (18)
was satisfied [35] equation (19} did hold.

At constant pressure and with physical
properties evaluated at the saturation tempera-
ture equation (19) reduces to

(20)

Thus the rate of change of the active cavity
(nucleation site) concentration with ATga—
dA"[d(ATsat)—may be drawn against AT as
in Fig. 13(a), that is, approximately as the lateral
inversion of the cavity size distribution of Fig.
12.

Consider now a liquid at saturation tempera-
ture and events accompanying a gradual
raising of the wall superheat, AT At a tem-
perature difference (ATgat)min the first cavity of
radius rmax is activated. As ATgy is raised,
smaller cavities become active and the nuclea-
tion site concentration, .#°, on the surface in-
creases. Figure 13(b) shows the variation of A~
with ATy, that is, the cumulative distribution
corresponding to that of Fig. 13(a). At some
point, say A, bubble coalescence on the surface
will commence. It now becomes necessary to
distinguish between the nucleation site con-
centration 4~ and the bubble source concentra-
tion, N, In the interval A(ATgat), AA" cavities are
activated. If bubbles growing from these were
all to coalesce with already existing bubbles
then the N versus AT, curve would branch out
horizontally to point B in Fig. 13(b). This is an
extreme case. In actual fact only a fraction,
say x, of A#” will be lost as bubble sources. At
the onset of coalescence x is expected to be
small; thus the N vs ATgt curve moves to
point A’. x will be higher in each interval of
progressively greater ATgai. Thus the N vs
ATt curve will take the shape shown in Fig.

Foin = const./AT gy
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Fic. 13. Hypothetical bubble population: (a) Rate

of change of nucleation site {_4") and bubble socurce

(N) concentrations with wall superheat (ATy)
(b) A" and N vs AT,

13(b). This curve represents the integration of
the distribution dN/d(AT ) versus ATgy shown
in Fig. 13(a).

Consideration was originally limited to sys-

tems where s, is independent of flux and

C.J. RALLIS and H. H. JAWUREK

ATsat. This imposed the condition that the
relation 8 » rmax must hold at all stages.
Depending on the micro-roughness of a surface
this condition may or may not be satisfied. If it
is not then r  is boundary-layer controlled.
The limiting boundary-layer thickness is ex-
pected to decrease with increasing flux and
ATt [16]. Thus with sufficiently rough surfaces

3

Tmax Will decrease with increasing ATg,. This
would cause a lowering of the N versus ATgut
curve. In the coalescence regime the decrease in
N due to this effect might well be compensated
by a corresponding reduction in coalescence.
Unfortunately no quantitative information on
8 and its variation with flux, in the vicinity of a
bubble source, is available.

Whatever the surface, the experimentally
obtainable N versus ATyt curve is expected to
assume the shape of some cumulative frequency
distribution. This might not be readily recog-
nizable, especially if available data cover a
limited range only. Differentiation and plotting
of the dN/d(ATgay) versus AT distribution
should yield more information.

In Section 4.2 experimental data will be
examined in the light of these predictions.

The effect of pressure. Séméria [16] has pointed
out that the effect of pressure on equation (19) is
such as to permit the use of

r::lin = ConSt'fATsat . PL

@n

for water in the pressure range ! to 50 atm.
This relation is also applicable, to a rougher
approximation, to several other substances if
P, is substantially below their critical pressure
(see Fig. 14).

Thus if the pressure is reduced on a boiling
system s, increases. During operation at some
low pressure the situation will arise where

Frin = Tmax> that is, where the size range of

active c§$§ties is zero. Nucleation, and hence
nucleate boiling, must then be expected to
cease, or otherwise to proceed by some mech-
anism other than the normal. It is seen from
equation (21) that this critical situation may be
reached (at some low pressure) in the middle
of a boiling curve as AT is progressively
lowered. At some even lower pressure the
ATgat required for normal nucleation is greater
than that associated with the peak flux; below
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£ ratm

FiG. 14. Variation of A,pufoTea¢ with pressure [see
equations (19) and (21)].

this pressure the normal nucleate regime is
altogether absent.

In Section 4.2 experimental work aimed at the
verification of these predictions is reported.

4.2 Experimental work and discussion

Effect of temperature difference and flux.
In Fig. 15 the data of the present study are
handled in the manner suggested in Section 4.1.
These results appear to support the proposed
hypothesis surprisingly well. The fact that the
distributions N vs ATg¢ and dN/d(ATsat)
vs ATgat roughly approximate to normal is
of no particular significance and arises from
the micro-structure of the heating surface
employed. In fact, other data [15] which were
analysed in this fashion showed these trends
less clearly. However, the approach appears
to be potentially valuable. Before significant
advances can be made along these lines more
quantitative information on coalescence must be
obtained. Séméria [16, 17] has recognized this
necessity.

Bubble sources and flux. It is more common to
present data on bubble source concentration as
log (9/4) vs log N plots. In Fig. 16 data of
the present study are plotted in this manner.
In addition, data on low pressure boiling of

wx1070, 12
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ethanol and benzene [35] are also given. These
data were obtained by visual counting with an
apparatus very similar to the one described
earlier, but allowing pressure variations. The
heating wire diameter was 0-0076 in.

In the low and intermediate flux range the
relationship

(q/A)1ot = const. NO'5 (22)
proposed by several workers evidently holds.
At higher fluxes however, N increases more
slowly with flux, with the index reaching 2-6 for
for the water data. The visual data on organics
could not be extended to sufficiently high
fluxes. The “‘knees” of the curves correspond
to the onset of coalescence.

Effect of pressure. The predictions of Section
4.1 suggest the necessity of conducting boiling
runs [(q/A) decreasing] at various low pressures
with a particular surface-liquid combination.
Such tests were performed [35] at saturation
temperature, great care being taken to avoid the
well-known “hysteresis” effect and to maintain

deg F°'

-2

ft

-3
d/V/d(A;ct) x 10°%,

o L
16 20 24 28 32 36

BATgot, deg F

FiG. 15. Observed variation of bubble source con-
centration and its rate of change with wall superheat.
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woter
ethanot
benzene
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benzene
ethanol

concentration

0-813
100
100
0677
0-480
0-396
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reproducibility. Results obtained for ethanol
are presented in Fig. 17,

During run E.1 (1-0 atm) and run E.2 (0-677
atm) the well-known boiling curves were
traced. This also applies to run E.3 (0-396 atm)
in the high flux range.

At low flux, run E.3 exhibits a highly unusual
change in direction. This behaviour appears to
be associated with the cessation of operation of
the normal mechanism of nucleation. Inspection
of Fig. 16 in which the N vs (g/A) data for
this run are reported shows that no dramatic
change in the bubble source concentration
occurred at this point. However, nucleation
seemed to become unstable; bubbles no longer
emanated from fixed sources in column-forma-
tion, but appeared to be formed at points
shifting on the surface. This effect was par-
ticularly noticeable in run E.4 (0-294 atm) where
bubble-producing sources jumped around on

o]
@
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Fay
0l [ RN [
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[k Fic. 16. Variation of bubble source

I5 with heat flux.
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Fic. 17. Boiling curves for ethanol showing unstable nucleate boiling and absence of the nucleate regime
at low pressure.
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the surface in a rapid and apparently random
manner. A curve of the shape of run E.3 has
been obtained by van Stralen [36] for the
boiling of a solution of whey in water at 0-132

atm pressure. Boiling as in run E.4 does not

appear to have been hitherto reported.

The phenomena of runs E.3 and E.4 cannot
be attributed to “hysteresis effects” or *‘tem-
perature overshoot” since: (i) runs were per-
formed at decreasing flux, (ii) the test procedure
in obtaining runs E.3 and E.4 was identical to
that adopted for the stable runs E.l and E.2,
and (iii) the behaviour did not die away with
time; in fact on one occasion during operation
in the unstable region the flux was maintained
at the same setting for over an hour, but the
bubble pattern remained irregular; in the same
run at higher flux no irregularity was observed.

Run E.5 (0:136 atm) illustrates the complete
cessation of nucleation. At a flux slightly
higher than that of the last point recorded the
surface burst into film boiling. The nucleate
regime was entirely absent. Van Stralen [37] and
Lienhard and Schrock [38] have observed the
same phenomenon.

Run E.6 (10 atm) is

reproducibility.

Similar results to the above were obtained for
benzene, bromobenzene, n-hexanol and both
mixed and pure isomers of xylene.

The predictions of Section 4.1 thus appear to
be verified. At some low pressure the cessation of
nucleation by the normal mechanism occurs.
This can take place in the middle of a boiling
curve. A hitherto unrecognized regime of un-
stable nucleate boiling exists at low pressure.
At even lower pressure the nucleate regime is
altogether absent.

For the case where the limitation of equation
(18) is obeyed it appears possible to predict the
onset of the unstable boiling region {57]. This
will be fully dealt with elsewhere.

The cessation-of-nucleation phenomenon has
been known for many years in the guise of
“bumping”. Generations of organic chemists
performing “‘vacuum-distillations” in glass appa-
ratus have added anything from chunks of coal
to talcum powder [39] in an effort to prevent
these minor explosions. Sometimes these devices
were helpful, sometimes not, depending upon
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whether they did or did not provide the nuclea-
tion sites previously absent.
It is felt that low pressure work of the type

described above is potentially an extremely
powerful tool in the general study of nucleation.

5. CONCLUSIONS

(1) Latent heat transport and convection
together account for the total flux in
saturated nucleate boiling.

{2) Latent heat transport is at stages signifi-
cant; it is probable that at burnout it alone
represents the total flux.

(3) The mean product of bubble frequency
and departure volume, f Va, if correctly
defined, increases throughout the flux
range.

(4) At fixed flux and pressure the product
fVq is the same for each bubble source
within reasonable statistical scatter.

(5) The relationship between heat flux (g/4)
and number of bubble sources per unit
area, N,

(q/A) = const. N*
where n ~ (-5 holds only
coalescence.

(6) It appears possible to determine the size
distribution of potential nucleation cavities
on a surface if the following are available:

(a) The distribution of dN/d(ATeai) vs
AT together with data on coalescence,
thus allowing the determination of the
dA|d(ATwt) vs ATy distribution.

(b} A criterion of nucleation in non-
uniform fields.

{(7) The approximate equation
mm = 20Tsat Uo/ Ao ATsat

being a necessary but not sufficient
criterion of nucleation under boiling con-
ditions can, however, yield predictions on
the size range of nucleation -cavities.
These have been verified by experiments
and lead to the following general con-
clusions:

(a) The effect of lowering the pressure on a

boiling system is such as to decrease
the size range of active cavities.
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{b) For a particular surface-liquid com-
bination a particular low pressure
exists below which the boiling curve
exhibits instability.

(c) This threshold is reached when the
size range of cavities active in the
normal sense becomes zero. Beyond
this threshold there exists a hitherto
unrecognized regime of unstable nucle-
ate boiling. In this unstable regime
nucleation and boiling proceed by
mechanisms other than the normal.
At even lower pressures the nucleate
regime is altogether absent.
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Résumé—Un travail expérimental sur I’ébullition par germes dans un réservoir d’eau saturée est
exposé. Celui-ci indique que le transport de chaleur latente, (g/4)zx est important & toutes les étapes.
Le rapport (g/4)Lu/(q/A)ros croit régulirement lorsque le flux de chaleur croit et semble tendre vers
P'unité lorsque (g/A4)ro: tend vers les conditions de caléfaction. Le transport de chaleur latente et la
convection rendent compte du flux total dans 1'ébullition saturée.

Les paramétres de base entrant dans la formulation (g/4)L#, ¢’est-a-dire le produit de la fréquence des
bulles et du volume initial des bulles f ¥y, et la concentration des sources de bulles N, sont étudiés plus
profondément,

On montre que la plupart des découvertes publiées sur le paramétre £V est inapplicable aux
corrélations, ceci étant dii & la définition incorrecte des moyennes. Les résultats expérimentaux
montrent que (i) le produit moyen (arithmétique) /77 croit avec le flux, et (i) que pour un flux parti-
culier le produit f Vs est approximativement le méme pour chaque source de bulle.

Les données pour N dans ébullition de 'eaun et des liquides organiques & différentes pressions
indiquent que la relation

(g/A) = Constante N*

ot n ~ 0,5 semble s’appliquer seulement dans la région des bulles isolées.

Une hypothése est développée et confirmée expérimentalement selon laquelle Ja courbe donnant N en
fonction de ATy, prend la forme d’une distribution de fréquence cumulée.

L’analyse et des expériences de confirmation montrent que la nucléation et I’ébullition par germes
ne peuvent pas se produire indéfiniment & des pressions de plus en plus basses; pour une combinaison
particuliére surface-liquide il existe une pression qui marque le seuil d’un régime inconnu jusqu’a
présent d’ébullition instable par germes. A des pressions plus faibles, le régime par germes est entiére-

ment absent.

Zusammenfassung—FEs wird iiber experimentelle Arbeiten beim Blasensieden in freier Konvektion in
Wasser vom Siittigungszustand berichtet. Dabei erweist sich der Transport latenter Wirme (g/4).4
in allen Stufen als bedeutsam. Das Verhdltnis (g/A4)rx/(g/A)rot nimmt mit wachsender Wirmestrom-
dichte dauernd zu und scheint dem Wert eins zuzustreben, wenn sich (g/4)tor dem burn-out Punkt
ndhert. Der Transport latenter Wirme zusammen mit der Konvektion bedingt den gesamten Wirme-
strom beim Sieden in der Fliissigkeit von Sittigungszustand. Die fiir die Bestimmung von (g/A)zy
notwendigen Grundparameter nimlich das Produkt aus Blasenfrequenz und Blasenvolumen beim
Abreissen f V; und die Anzahl der Blasenkeime N werden weiter untersucht.

Es wird gezeigt, dass die meisten iiber den Parameter f V, veriffentlichten Ergebnisse, wegen der
ungenauen Definition der Mittelwerte, auf die Warmeiibergangsbeziechungen nicht anwendbar sind.
Die Versuchsergebnisse zeigen, dass (i) das (arithmetische) mittlere Produkt / 7z mit der Stromdichte
éuninllénet‘ und (ii) ab einer besonderen Stromdichte das Produkt f V; fiir jede Wirmequelle etwa

asselbe ist.

HM,—38
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Die Daten fiir N bei Wasser und organischen Fliissigkeiten die bei verschiedenen Driicken sieden,
zeigen, dass die Beziehung

(g/A) = constant N"

mit # ~, 0,5 nur im Bereich von Einzelblasen zu gelten scheint.

Eine Hypothese wurde entwickelt und experimentell bestitigt; Danach nimmt die Kurve von N
tiber ATy, die Form einer kumulativen Frequenzverteilung an.,

Die Analyse und Kontrollversuche zeigen, dass Keimbildung und Blasensieden bei kleiner werden-
den Driicken nicht unbegrenzt gesteigert werden konnen. Fiir eine bestimmte Oberflichen-Fliissig-
keitskombination existiert ein Druck der den Grenzwert markiert fiir ein bisher unbekanntes Regime
des nichtstabilen Blasensiedens. Bei kleineren Driicken tritt das Blasenregime iiberhaupt nicht auf.

AnHoTanua-—PaccMaTpuBaeTCA 9KCHEPUMEHTAIbHAA PaboTa IO My3LIPHKOBOMY KHUIEHUIO ¢
OTKPBLITON MOBEPXHOCTU BOJH B COCTOAHMM HachimleHUA. OHA NOATBEPIKAAET, YTO MEPEHOC
CKDPHITON TeIoTsl, (¢/A)ry, 3HAUMTeJNeH BO BceX crajusx. HaitjeHo, 4To oOTHOLIEHMeE
(9/A)Lr/(g/A)ror PABHOMEPHO BOBPACTAET C YBEJWUYEHHEM TEILIOBOTO IOTOKA, W 4I0 OHO
CTPEMUTCA K eMHMIlE [0 Mepe TOIO KAaK BeJMYHHA (/A)rot CTPEMUTCA K KpuTHUecKo#. Kak
TIePeHOC CKPHITON TEIIOTHI, TAK M KOHBEKI[MA CYIIECTBEHHBl 1A CYMMApHOW BEJIMYMHBI
TEeIJIOBOr0 TOTOKA IIPHM HACHIUIEHHOM Kumenuu. IIpoBopuTcA pHanmbHeilllee mcciegoBaHue
OCHOBHHIX I1apaMeTPOR, BXOJAIAX B BHpaKeHHe, ONMcHBalomlee (g/A)Ly—TpousBeaeHns
YACTOTEHL IIYBHPBKOB I 00heMa Iy3HPHKOB f Vg U KOHLIEHTPALMM UCTOUHIKOB 1y3HPBKOB N,

IToxasaHo, 4T0 GOJLUIMHCTBO OIyOJMKOBAHHEIX [@HHBIX TI0 HapaMeTpy f Vi HENPHUMEHHMO
K COOTHOLIEHNAM TeIlJIoo0MeHa B CBA3M C HENPABUIILHBEIM IIPOBeeHUeM ycpegHeuuit. Pesysin-
TaTH BKCHepUMeHTA mOKasmpanwT, uto: (1) cpegHeapmdmeruueckoe mpomsBenenne f Vg
YBEAMYUBALTCH IO MEpe BO3PACTAHMA TEILNIOBOTO IOTOKA, U (2) IpU OIIpefie/ieHHOM TeIlJIoBOM
[OTOKE TPOusBejieHne f Vg IPUMEPHO OAMHAKOBO A KAMAOTO MCTOMHMKA ITy3HIPBROB.

Jlauuble 3aHaYeHUN BeuunHbl N IIp¥ KUIEHMM BOABL M OPTaHNYECKUX BEIECTB IPU pasiind-
HBIX AABIEHHAX TOKA3HIBAIOT, YTO COOTHOIIEHHE

(q/A) = constant N*

rae n ~ 0,5 copaBefiiuBO TONbKO JJIA 00JIACTH H3ONIPOBAHHBIX IY3HPBKOB, Passura u
HKCIIEPUMEHTAJIBHO MONTBEPHIeHA I'MIIOTe3a, COrNIACHO KOTOPOH KPMBAA 3aBHCUMOCTU N OT
AT gy NPUHUMAET BYI MHTErPAJBbHON KPUBOH pacnpefeleHus YacTOTHL.

AHAJIA3 M TIONTBEPHIAWIINE ero HKCHePHMEHTH NOKABHBAIOT, YTO HEBOSMOMKHO CIENaTh
TaK, 41065 06Pa30BaAHNE TYRHPHKOR 1 IY3HPHKOBOE KUIIeHHe MPOJOMMKAIOCH HEOFPAHMYEHHO
Opy Bce NOHMMAOIMXCH JAABIEHUAX ; JUIA  ONpefesSeHHol KOMOMHALMHM ITOBEPXHOCTD-
UJKOCTL MUMEET MECTO JABIEHHE, KOTOpPOEe XapaKTepU3yeT IOPOT HACTYIUIEHUA ;10 HACTOf-
H[EFO0 BPEMElH HeUBBECTHOrO PEHIMA HEYCTOHYMBOIO My3BIPHKOBOrO KUIEHHA. TIpH nusnnx

JABJICHUAX 1Y3HIPBROBBIT PEHUM 1I0JIHOCTBIO OTCYTCTBYET.



